in the mouse, target probability is used as an implicit cue attracting attention or 10 whether detection is biased towards low-probability deviants using an auditory 11 detection task. We implemented a probabilistic choice model to investigate 12 whether a possible dependence on stimulus statistics arises from short term serial 13 correlations or from integration over longer periods. Our results demonstrate that 14 2 target detectability in mice decreases with increasing probability, contrary to 15 humans. We suggest that mice indeed track probability over a time scale of at least 16 several minutes but do not use this information in the same way as humans do: 17 instead of maximizing reward by focusing on high-probability targets, the saliency 18 of a target is determined by surprise.
in the mouse, target probability is used as an implicit cue attracting attention or 10 whether detection is biased towards low-probability deviants using an auditory 11 detection task. We implemented a probabilistic choice model to investigate 12 whether a possible dependence on stimulus statistics arises from short term serial relevant stimuli need to be detected while irrelevant ones should be ignored.
24
During this process of differentiation, the ability of tracking stimulus statistics (if 25 a stimulus occurs with high or low probability) is essential, sets expectations, and 26 creates predictions about future auditory events (Malmierca et al., 2015; Skerritt-27 Davis and Elhilali, 2018). While there is general agreement on the principal 28 importance of expectation in auditory perception, there are different ways in 29 which these predictions may be used to guide decisions.
30
One the one hand, high-probability, expected and relevant signals may attract 31 selective listening, thus the ability to group and separate sounds from different 32 sources and selectively pick and monitor one in the presence of others. This ability 33 forms an important part of selective attention and supports the analysis of complex 34 auditory scenes (Bregman, 1994; Sussman et al., 2007; Woods and McDermott, 35 2015) . It has already been demonstrated that adult humans listen selectively for an 36 expected auditory stimulus in reward-based auditory listening tasks (Scharf et al., 37 1987). More generally, humans internally monitor the probability of a stimulus and 38 processing highlights the detection of unexpected, surprising stimuli. Stimuli are 48 more salient when presented rarely to the auditory system and thus might be 49 easier to detect due to pre-attentive mechanisms (Malmierca et al., 2015; Pérez-50 González et al., 2005; Tiitinen et al., 1994) . Within this framework, the evaluation 51 of stimulus statistics serves to detect novelty, emphasizing changes in the auditory 52 scene rather than enabling tracking of task relevant information.
53
Thus, tracking of stimulus probability influences auditory processing in two 54 contrary ways: on the physiological level, low-probability sounds elicit maximal 55 responses, but during listening tasks, relevant high-probability sounds appear to 56 attract attention, improving their detectability. While physiological evidence for 57 deviant detection spans all the way from animal models to humans (Heilbron and 58 Chait, 2017; Khouri and Nelken, 2015) , behavioral assessment of the effects of 59 target probability is largely restricted to humans. In order to understand the neural 60 mechanisms underlying predictive coding, animal models such as rodents in 61 which both physiology and behavior can be studied are needed.
62
Although rodents serve as widely used animal models to study auditory 63 phenomena, little is known about their ability to monitor stimulus probability and 64 its involvement in selective auditory attention. One study using chinchillas could 65 not reproduce human results for auditory selective attention (Yost and Shofner, 66 2009). However, it remains unclear whether this generalizes to other rodents. Also,
67
it is unknown if the animals simply do not adapt their behavior according to 68 stimulus statistics, or if they rather respond towards unexpected, surprising 69 stimuli instead of high-probability stimuli, as suggest by physiological data.
70
Here, we asked how target probability influences auditory perception in mice, as 71 revealed in detection paradigms. More specifically, we tested whether target 72 probability is used as an implicit cue attracting attention or whether detection is 73 biased towards low-probability deviants. To this end, we employed three different 74 tasks. First, we used faint tones in noise of different frequencies and varied the 75 probability of a given tone frequency between different sessions. This paradigm 76 resembles those used to test for the 'listening band phenomenon', the most 77 prominent example of probability-guided attention in the human literature (Scharf 78 et al., 1987 ). Subsequently, we tested whether the probability-dependence 79 generalizes to other detection tasks, namely streaming paradigms, in which a 80 target has to be detected in one out of multiple streams. Here we separately tested 81 for effects on the detection of both spectral and temporal stimulus dimensions.
82
Finally, we present a probabilistic choice model to investigate whether the 83 dependence on stimulus statistics arises from short term serial correlations or from 84 integration over longer periods. 
Results

88
Experiment 1: Tone in noise detection
89
When humans are asked to detect faint tones in a noise background, performance 90 for high-probability targets is better than for those played with low probability, 91 even if listeners are not consciously aware of the probabilities (Greenberg and 92 Larkin, 1968) . This is usually explained by focused attention on specific auditory 93 filters, thereby listing selectively to a certain frequency range (Bargones and 94 Werner, 1994) . In our first experiment, we aimed to test whether mice are able to 95 track target probabilities from session to session and display a preference for either 96 high-or low-probability targets. We devised a behavioral paradigm (Fig. 1 (Fig. 1C, upper panel) . In the next step, we presented tones with varying 103 probability as targets in mixed sessions (lower panel in (Fig. 1C) . We hypothesized 104 that if mice displayed selective listening to high-probability tones they should (1) 105 be better at tone detection in the single frequency session compared to the mixed 106 session and (2) show better performance for the high-probability compared to the 107 low probability stimulus within the mixed session.
108
Contrary to our hypothesis, all animals tested showed higher sensitivity in the 109 mixed than in the single frequency session tested before (example data in Fig. 2A ; impact of stimulus probability on the preference of the mice for low-probability 112 tones was confirmed. Sensitivity was positively influenced by surprise, quantified 113 as the prediction error (log of the stimulus probability, Fig. 2B ). This relation was 114 highly significant, both when taking the single frequency sessions into account and 115 for mixed sessions only, and independent of the frequency that was played.
116
We concluded that mice are able to track target probabilities over a time frame of 117 minutes to hours, but instead of the high-probability sound the low-probability 118 sounds were detected more reliably.
119
Fig. 1 -Behavioral paradigm and stimulus protocol used in Experiment 1 (A) Go/No Go paradigm used in this study. Mice initiated a trial by climbing on a small pedestal on the circular platform. After a variable waiting interval, a target was presented. Animals received a reward if they left the platform within 1s after target presentation. The next trial could be initiated immediately. (B) Timeline of one experimental session. Throughout the entire session, a broad band noise stimulus was presented. Once a trial was initiated, a 500ms pure tone was presented after a random stimulus delay. In a single session, an animal had to complete 73 or 78 trials, which typically lasted 30-45 minutes. (C) Different probabilities of single frequency pure tone targets in differents sessions. In single frequency sessions, the level of the tones was varied, but only pure tones of either frequency f1 (10kHz) or f2 (21kHz) were presented. In mixed session, level was held constant near the behavioral threshold, but three different frequencies were presented. In any one session, either f1 or f2 was presented with 48% probability and the respective other with only 26%. In addition, a tone of the frequency close to the high-probability targets was presented in 26% of the trials. Figure 2 -Results for Experiment 1 -tone in noise detecion (A) Example performance of two different animals for the tone-in-noise stimuli at a single tone frequency, presented with different probabilities. Before the mixed-frequency experiments, animals were tested individually for their thresholds at each tone frequency by presenting tones of a single frequency (probability 100%) at different levels to construct psychometrics functions (black circles, grey line). In the mixed experiments, tones with a level corresponding to a d' of 1 (dashed line) were presented with probabilities of 48% (red circle) or 26% (blue circle). (B) Population data for all four animals at the two different frequencies used (red: 21kHz, black: 10kHz). The values for a probability of 100% were taken from the psychometric function obtained after the mixed experiments. Histograms above the graph visualize the probability of the tone in the respective sessions, the x-axis shows the surprise quantified as the prediction error. Note that larger numbers indicate more surprising stimuli. Total number of sessions included: 208 (152 for the mixed session, 56 for the psychometric functions). to one of these streams (Lakatos et al., 2013; Schwartz and David, 2018) . We with equal probability. Sessions were randomized in order to avoid sequence 138 effects.
139
When we compared the mean sensitivity for the two different probability levels,
140
we observed a higher mean sensitivity for the mixed sessions for all tested 141 frequency changes (Fig. 3C ). As in Experiment 1 (Fig. 2 ), targets were more salient 142 to the mice if they were distributed between the two streams than if they were 143 played in one of the two streams only. This was confirmed when we compared all 144 animals for both streams ( Fig. 3E ; rmANOVA, F(1;88) =( 6.0, p=0.0171). Experiment 145 2 confirmed that the animals are able to track probabilities from session to session, 146 but saliency is determined by surprise, or prediction violation rather than by 147 expectation, despite the latter being the better strategy to maximize rewards in a
148
given session. with targets in both streams. As already observed for the frequency changes, 157 sensitivity for detection of gaps strongly depended on target probability, with the 158 best detectability for low probability targets in the mixed sessions, and lowest 159 detection performance for targets in only one out of two streams (Fig. 3D ). We history, and better than one that takes only probability into account. Inclusion of 183 the probability term significantly improved model performance (Fig. 4B) . In 184 contrast, inclusion of the recent-history term (up to four preceding trials) improved 185 the model only marginally (Fig. 4B ).
186
The average interval between two trials was 30.2±10.3s (mean ± standard Bars represent mean deviances from all animals in the three experiments ±SEM (C) False alarm rate depending on whether stimuli of one class were presented as the only stimuli in the session ('pure') or whether they were combined with other stimuli ('mixed'). Each line represents mean false alarm rates from a single animal. (D) Influence of immediate trial history on hit rate. x-axis: hit rate when the stimulus in the trial before was drawn from the same class as the current stimulus ('repetition'), y-axis: hit rate to stimuli that were preceded by a stimulus from another class ('switch').
Discussion
196
Stimulus statistics in auditory scenes have been suggested to shape auditory 197 perception in two contrary ways: (1) A focus on novelty detection, favouring low-198 probability sounds (Khouri and Nelken, 2015) and (2) focusing attention on 199 expected, high-probability sounds, thereby maximizing overall detection rate 200 (Scharf et al., 1987; Wolmetz and Elhilali, 2016 ). Here we tested whether attention 201 in mice is drawn rather towards low-or high-probability target sounds. To this 202 end we conducted three different experiments varying the probability of targets.
203
While humans direct their attention to the most probable target out of several 204 acoustic channels or streams, target detectability in mice decreased with increasing 205 probability. Thus, the more surprising a stimulus was, the more reliably it was 206 detected. This was confirmed in three independent experiments, one with 207 changing probability of target frequency in noise (Fig. 2) and two using a 208 streaming paradigm (Fig. 3) with either a spectral or temporal variation to be 209 detected. Finally, our probabilistic choice model best predicted animal behavior 210 for all three tasks if it took overall probability into account, but not if we considered 211 recent trial history (Fig. 4B) . These results suggest that mice indeed track 212 probability over a time scale of at least several minutes, but do not use this 213 information in the same way as humans do: instead of maximizing reward by 214 focusing on high-probability targets, the saliency of a target is determined by 215 surprise. Such a strategy obviously fails to maximize reward, since successful 216 detection of higher-probability targets directly results in a higher reward rate.
217
Different strategy or mouse-specific auditory processing?
218
It seems that mice are very good at something that humans find hard and vice 219 versa. Are our results in mice really caused by a different strategy with respect to 220 target probability or can it be explained by more basic differences in their auditory 221 system? Mice have much wider auditory filters (Lina and Lauer, 2013) (Khouri and Nelken, 2015; Malmierca et al., 2015) . A typical 243 paradigm is the presentation of a sequence of tones of two different frequencies,
244
with varying relative probability (Ulanovsky et al., 2003) . Experiment 1 of this 245 study is such a paradigm, but the ratio of stimulus duration (0.5s) and the very has to reflect differences in probability as small as ∆0.5%. Neural sensitivity for 259 such small changes has not been reported yet, but there is no principle reason why 260 they cannot exist. Alternatively, SSA could work on a higher structural level,
261
reflecting the task and the auditory scene as a whole. SSA has been shown to 262 extend beyond simple pure tone patterns (Nelken et al., 2013) and to more complex 263 statistical structure of the sensory context (Yaron et al., 2012) . Similar to the 264 findings presented here (Fig. 4) , SSA is sensitive to average statistics rather than 265 recent history (Rubin et al., 2016) . and time scales (Näätänen et al., 2007 (Näätänen et al., , 1978 . Both SSA and MMN are discussed as 270 a response to the violation of expectation (Heilbron and Chait, 2017; Khouri and 271 Nelken, 2015; Malmierca et al., 2015) within the framework of predictive coding 272 (Friston, 2005) .
273
Despite the pervasive presence of neural signatures of deviance detection in 274 auditory systems, it is very difficult to directly observe a correlate at the behavioral 275 level. This is probably due to its pre-attentive nature -deviance detection is 276 observable in passively listening subjects (Tiitinen et al., 1994) as well as in 277 anaesthetized animals (Antunes et al., 2010) . In active listening tasks, implicit 278 cueing could then use the predictive signal to channel selective attention to high-279 probability sounds (Wolmetz and Elhilali, 2016) by inverting the sign. The (Bendixen, 2014; Sussman, 2007) .
282
Sensory ecology
283
From the perspective of reward maximization, selective attention to low-284 probability targets in an auditory scene is undesirable. This raises the question 285 whether the strategy employed by mice is rather the result of the animals lacking 286 an appropriate mechanism for selective attention or whether it provides an 287 ecological benefit for the animals. Evidence for an ability to selectively attend one 288 out of several concurrently present objects or processes is surprisingly sparse for 289 rodents. Recent work suggests that mice are able to attend to explicitly cued visual 290 patterns (Wang and Krauzlis, 2018) or auditory streams (Chapuis and 291 Chadderton, 2018), indicating that mice may not lack a mechanism for top-down 292 attentional control. Both humans and carnivores (Schwartz and David, 2018) can 293 be cued implicitly using target probability -providing further evidence that the 294 effect of stimulus probability on perception may be due to sensory ecology rather In summary, our study provides the first evidence for animal detection behavior In total 14 adult male mice bred at the University of Oldenburg animal facilities 325 were used in the experiments. All mice had a C57BL/6.CAST-Cdh23
Ahl+ background
326
(the Jackson laboratory, #002756) and were between 3 and 9 month old. We used 327 this line because it does not display the age-dependent hearing loss which is 328 present in other C57BL/6 lines (Johnson et al., 1997; Kane et al., 2012 sequences (‚single') or with 0.5 probability in either of the two sequences (‚mixed').
398
Each animal completed at least 8 sessions for each of the mixed session types. The temporal structure of the sequences in Experiment 3 was the same as in (Busse et al., 2011) .
431
The probability pgo to jump at a given trial t in a behavioral session is given by:
with the response variable L(t), that is a weighted sum of three main terms: (1) the 435 stimulus parameters s(t), (2) the overall probability of the stimulus to appear in the 
444
The probability term is constant across a given session and only depends on the 445 target channel. The history term is described by: 
